Polymers are widely used in marine environments due to their excellent properties and good weathering resistance. Despite this extensive use, their long term behaviour in such an aggressive environment is still not well known. To assess the polymer durability within reasonable durations, it is essential to perform accelerated ageing tests to accelerate the degradation kinetics but without any modification of the degradation process. This study therefore proposes and validates accelerated ageing tests to study marine ageing of a silica-filled chloroprene rubber (CR) used for offshore applications. Several accelerated ageing protocols are investigated for temperatures ranging from 20 to 80 °C in renewed natural seawater. The ageing consequences are characterized using physical measurements (FTIR, solid state NMR) and mechanical testing based on monotonic tension tests. Instrumented micro-indentation tests are also employed, in order to describe accurately the ageing gradients through sample thickness. The measurements obtained on the samples cut from accelerated specimens are compared to those obtained from the topcoat of an offshore flowline aged under service conditions for 23 years. For both kinds of specimens, polychloroprene develops rapid material changes most clearly represented by a considerable increase in stiffness, which allows the accelerated ageing protocols to be validated.
Introduction
The assessment of the durability of elastomeric products subjected to marine environment is a major issue for several industrial areas (offshore oil and gas industries, harbour and naval applications, renewable marine energy...) and is also necessary for new product certification and for better evaluation of maintenance periods and total lifetime. Polymer lifetime prediction in an aggressive medium can be considered as a three step process. First, the ageing mechanisms observed for natural ageing must be identified. Then, accelerated ageing tests are performed (in order to reduce test time) and the kinetics of the ageing reactions are investigated. These tests have to accelerate the degradation without modifying the mechanisms involved. Finally, a time-temperature superposition rule is applied in order to evaluate the ageing consequences under service conditions. The two main points to be checked are therefore the design of appropriate accelerated ageing tests, on the basis of well identified mechanisms, and an evaluation of the ageing gradients through the thickness in order to check if the measurements achieved on thin samples in the laboratories can be extended to large industrial structures. It is striking to observe that although these points have been extensively investigated for thermal ageing of organic materials, this is not the case for marine ageing. Even if marine ageing of organic materials has been widely investigated [1] , [2] , [3] and despite many marine applications (wetsuits, harbour drydock seals,...) very few papers investigate the ageing mechanisms of marine environment on elastomers [4] , [5] , [6] , [7] , [8] . This is probably partly due to the complexity of the degradation mechanisms in such materials but also because the property losses during ageing are often quite acceptable when the material is well formulated. The influence of the marine environment is complex, and depends clearly on the compound used. A first effect is the absorption of water by rubber, which induces a reversible change [9] . Other ageing mechanisms can involve hydrolysis [10] , [11] , additive extraction [12] and oxidation [13] but there are very few long term data available, which limits clear explanations of the ageing mechanisms involved. Dealing with polychloroprene (CR), the accelerated protocols that are proposed classically consist of raising the temperature, for environments ranging from air [14] , [15] to synthetic [16] , [17] or natural sea water [18] . Although chloroprene does not undergo hydrolysis [19] , a considerable decrease of the tensile product (ultimate tensile strain multiplied by ultimate tensile stress) is observed during accelerated ageing. This consequence is observed for ageing in salt water [18] as well as in synthetic sea water for temperatures of around 40
• C [20] or 70
• C [17] and on specimens considered fully saturated in water, which indicates that the reversible water effect is not the only degradation involved. The formulation of the polychloroprene rubber also modifies the ageing behaviour of the material and the property loss is more significant for silica-filled compounds [20] . Nevertheless, applying accelerated ageing is very hazardous if the mechanisms involved under real conditions are not well known. Moreover, it is well known that the nature of the water can play a role, at least on diffusion kinetics [21] . The aim of this study is to improve the knowledge of the involved mechanisms and to propose reliable accelerated protocols. Accelerated ageing was performed on a silica filled polychloroprene in natural renewed sea water at 20, 40, 60 and 80
• C for durations up to two years. The evolutions of chemical and mechanical properties were investigated to assess the ageing mechanisms and their consequences. Finally, specimens cut from a sample aged under service conditions for 23 years (and for the same compound formulation) were characterized in the same manner. In the discussion section, the data obtained from mechanical and physical analysis are combined for samples aged under accelerated and natural conditions in order to provide precious data on ageing mechanisms and to challenge the ageing protocols proposed.
Methods

Material
The material studied is a silica-filled polychloroprene used for the external layer of offshore floating flow lines. Its main components and mechanical characteristics are given in table 1 and 2. It is worth noting that there is no silane coupling agent in the formulation. Square plates of 2 mm thickness and 250 mm width were manufactured by an industrial partner from the same material batch, in order to ensure the reliability of mixing and moulding conditions. 
Accelerated Ageing
Specimens were immersed in several tanks filled with natural sea water coming directly from the Brest estuary and maintained at different temperatures: 20, 40, 60 and 80
• C. Water was continually renewed using a peristaltic pump leading to the replacement of the vessel volume (60L) every 24 hours without any modification of the temperature. 2 mm thick plates were removed periodically from the tanks and subsequently dried at 40
• C in an inert atmosphere until a constant weight was reached. This drying protocol was optimised and validated by a specific study detailed elsewhere [22] .
Natural ageing
The naturally aged sample comes from the coating layer of an offshore floating export line. This flow line was used in the Atlantic Ocean for 23 years at 10 meters depth and was still meeting the structural mechanical requirements after its withdrawal. Sea water temperature is about 15C to 25C in this area and pH is around 8.2. The 2.3 mm thick topcoat, dedicated to protect the structure from environmental degradation, did not reveal any damage after its service life. The topcoat was made to the same recipe as the samples used for the accelerated ageing tests.
Tensile Test
After the ageing and drying steps the samples were cut from the sheets with a punch die in order to obtain normalised dumbbell shapes (type 2 from the standard ISO 37:2005) . The tensile tests were performed on a Lloyd LR5K+ testing machine, with a 1 kN load cell. The tests were displacement controlled with a grip speed of 10 mm/min. A laser extensometer LASERSCAN200 was used to measure the local elongation. For each ageing condition, at least three samples were tested and the results averaged.
Elastic modulus profiling
The elastic modulus profiles were obtained using a CSM-instruments micro-hardness tester with a Vickers tip. The samples cut out from 2 mm thick sheets were embedded at room temperature in epoxy resin and subsequently ground with grinding media of decreasing granulometry (down to grit size 800) in wet conditions. The disc rotation speed was low in order to limit the possible rise of temperature. After grinding, a delay of 2 hours was systematically applied in order to let the samples cool down to ambient temperature. All tests were load controlled. A classical testing protocol was used, with a low preload in order to detect the surface contact (set to 10 mN), then a load controlled loading step (up to 100 mN at a loading rate of 200 mN/min), followed by a creep test of 30 s and then a load controlled unloading step (down to 0 mN at a unloading rate of 200 mN/min). Each point is an average of 5 measurements. An instrumented hardness was evaluated from the load-displacement curve using the following equation :
where A p is the projected area of the contact surface evaluated from the Oliver and Pharr methodology [23] . In the following, we will focus only on the normalized hardness, i.e. the value of the hardness divided by its initial value obtained on the unaged material. This choice is motivated by the fact that this micro-hardness quantity is strongly dependant on the affected volume. Therefore, its value can not be easily correlated to more classical hardness values such as macroscopic Shore and DIDC hardness, but the variation of hardness can be easily interpreted.
FTIR
FTIR characterization was performed with a Thermo Nicolet spectrometer using a 4cm −1 resolution and 32 scans. When ATR mode was used, spectra were normalized using the C-Cl bond situated at 825 cm −1 [14] . The stability of this bond throughout ageing was confirmed using NMR measurements. 50 micros films were used to generate the chemical profiles through the samples thickness, using transmission measurements. The films were cut from samples, cooled by liquid nitrogen, with a Leica microtome.
Solid state NMR
Samples from 2 mm thick samples were ground into powder in liquid nitrogen. All NMR experiments were conducted at room temperature on a Bruker Avance 500 MHz spectrometer.
1 H and 13 C MAS spectra were acquired at a MAS frequency of 10 kHz using a 4mm MAS probehead. In both cases, recycle delay was 2 s. For 13 C spectra, 1H decoupling (spinal64) with a RF field of 60 kHz was used during acquisition. Both 29 Si MAS and 1 H- 29 Si ramped CP-MAS spectra were acquired on a 7 mm MAS probe using a MAS frequency of 5 kHz and spinal64 1H decoupling of 60 kHz strength. Recycle delays were set to 5 s and 3 s for MAS and CPMAS experiments, respectively.
1 H-29 Si CP-MAS spectra were obtained with a 1 ms contact time. 13 C, 1 H and 29 Si chemical shifts are referenced to TMS at 0 ppm. Figure 1 shows the evolution of the tensile behavior of the material after accelerated ageing at 60
Results
Accelerated Ageing 3.1.1. Tensile properties
• C for different durations. Ageing leads to a significant increase of the initial modulus (up to 200 MPa after 6 months) and a considerable decrease of ultimate strain and stress values. Figure 2 shows that these evolutions are observed for all ageing temperatures with a strong effect of temperature on the degradation kinetics. It can also be concluded that for each temperature, the longer the duration of ageing, the more significant the changes in tensile properties. 
Elastic modulus profiles
In order to simplify the evaluation of the modulus evolution, the variable considered in this section is the ratio between the elastic modulus and the modulus measured on an un-aged material. Figures 3 and 4 plot the values measured across the sample thickness after accelerated ageing for several ageing temperatures and durations. Whatever the ageing conditions, the aged samples always exhibit a higher external stiffness. A clear gradient between the skin and the core is also observable, which is stronger as the ageing is more severe (i.e. higher temperatures and/or longer durations). Figure 5 shows the FTIR spectra for the unaged polychloroprene; the band attributions are given in table 3. As illustrated on figure 6 , the intensity of the 1100 cm −1 peak (attributed to the Si-O bond of the silica filler [24] ) decreases significantly during ageing. At the same time, a new peak located at 1014 cm −1 appears and rises according to the ageing duration. The exact attribution of this new band is not clear but could be related to the formation of SiOH, C-OH or C-C bonds [2] , [24] .
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Absorbance Wavenumber [cm -1 ] Relative absorbance unaged sample 172d at 20°C 50d at 40°C 50d at 60°C 50d at 80°C Figure 6 : FTIR evolution during ageing in sea water at different temperatures 1 H and 13 C NMR Figure 7 compares the 1 H MAS spectra of the unaged sample and aged sample, band assignments are given in table 4. in sea water. This is an obvious indication of the polychloroprene backbone stability during ageing. These results clearly validate the utilization of the C-Cl bond as an internal standard for FTIR spectra. The signal situated at 70 ppm in 13 C spectra can not be clearly assigned, in fact no signal in this chemical shift region has ever been reported in the literature for CR. 29 
Si NMR The
29 Si MAS spectrum of silica fillers (figure 9) exhibits 3 lines at -112, -102 and -92 ppm labeled A4, A3 and D3. 29 Si isotropic chemical shift is known to be sensitive to the dimensionality of silicate networks Signal (ppm) Band Assignment 27.4 1,4 trans CR δ position 38. 9 1,4 trans CR γ position 58.0 Isomerized 1,2 CR 124. 6 1,4 trans CR β position 135. 5 1,4 trans CR α position Table 5 : 13 C MAS signal assignment for CR [25] , [26] . Thus, Qn SiO 4 species (Q n =Si(OSi) n (OH) 4−n ) typically fall in the -116/-100, -105/-90 and -95/-75 ppm ranges for n= 4, 3 and 2, respectively. So the A4 line can be unambiguously assigned to Q4 species. The strong enhancement observed on the A3 line intensity by CP technique clearly shows that it corresponds to the Q3 species. The D3 case is somewhat more delicate since its isotropic chemical shift falls inside the Q2 and Q3 shift ranges simultaneously. Nevertheless, the D3/A3 intensity ratio is exactly the same on the MAS and CPMAS spectra. So, we can also attribute D3 to Q3 species. After addition of silica fillers in chloroprene rubber (unaged sample in figure 10 ), we can observe the appearance of a line at -86 ppm (labeled A2) assigned to Q2. At the same time, an evolution of intensity ratio is observed : A3/A4 increases whereas D3/A4 decreases. Moreover, the D3/B3 intensity ratio is the same in MAS and CPMAS. These observations could be explained by a modification of the OH environment (for Q3 and Q2 species) due to interaction with the CR backbone, but also by a small depolymerisation of the silica network during processing. During ageing, a gradual increase of the D3/A4 and A2/A4 ratios is observed as shown in figure 10 . This evolution is a clear indication of the silanol formation from the silica filler during ageing and it is in agreement with the decrease of the 1100 cm −1 band and the appearance of the 1014 cm −1 band in FTIR spectra. NMR results show that the CR backbone is not greatly modified during ageing in sea water whereas the silica undergoes degradation leading to the formation of silanol. This behavior is observed for all the ageing temperatures 
Natural Ageing 3.2.1. Tensile properties
The tensile curves obtained for an un-aged sample and for a sample aged naturally for 23 years are plotted in figure 11 . Natural ageing leads to a significant rise of the initial stiffness and a strong decrease of the elongation at break. These consequences are indeed very similar to the ones observed for accelerated ageing. 
Elastic modulus profiles
Here again, the ratio between the elastic modulus and the modulus measured on an un-aged material is considered. Figure 12 plots the values measured through the sample thickness after natural ageing. Only the external face (left) was exposed to water, which explains the asymmetrical profile obtained. It is worth noting that the value on the internal face is comparable to the value measured on unaged samples. The naturally aged sample exhibits a clear gradient between the skin and the core with a very significant increase of the elastic modulus on the side exposed to water (left side in figure 12 ). No cracks were observed on the surface sample after 23 years of ageing, the hardness profile through the thickness is probably due to reaction/diffusion phenomena.
FTIR
FTIR measurements were performed on the sample aged naturally for 23 years at different distances from the surface. Figure 13 illustrates the FTIR spectra observed at the surface, with a clear appearance of a new band at 1720 cm −1 due to the carbonyl formation during CR oxidation [14] , [27] . This oxidation is limited to the first 200 microns from the external layer and thus can not explain the modulus profile observed in figure 12 Different hypotheses can be made to explain this depth limitation. First, CR oxidation by UV, it is well known that the UV oxidation is limited to a few microns from the surface due to a strong absorption of the UV energy by the polymer [28] , [29] . The observed ketone formation could also be due to a reaction of the polymer with ozone; this kind of reaction is also located close to the external surface [30] . And finally, a diffusion of antioxidant from the material into water can be assumed [12] , [31] , this decrease of the stabilization close to the surface can also lead to a local oxidation of the material.
Focus on the 900-1200 cm −1 region 900-1200 cm −1 ( Figure 14) clearly shows that the 1100 cm −1 peak has almost disappeared after ageing, whereas the 1014 cm −1 peak has increased.
Discussion
Consequences and mechanisms of degradation
The mechanical tests after both natural and accelerated ageing clearly show common features: a strong increase in the material stiffness (for tensile tests and micro-hardness measurements) and a large drop in failure properties. It is worth noting that for severe ageing, a strong gradient is visible on the aged samples, so very careful extrapolation of the values obtained from tensile samples is required, as they are no longer homogeneous. Three main explanations are usually found in the literature for such mechanical changes : loss of plasticizers, oxidation and crosslink creation. The amount of plasticizers is too low here to be the only explanation [32] , [33] . Oxidation is sometimes proposed as a relevant mechanism to explain marine ageing [13] but the results of FTIR and NMR measurements clearly show that the classic peaks were not found here, for either natural or accelerated ageing. An explanation based on an increase of the crosslink density therefore seems to be relevant. For polychloroprene, a first idea is related to the chlorine consumption, which would create very reactive double C=C links. The 13 C NMR measurements clearly shows that the peak associated to the C-Cl link is not evolving, and can be used as a reference to normalize the FTIR spectra. Moreover, this technique also shows that the carbon signature of the polychloroprene did not evolve much during ageing. What is highlighted by the chemical measurements is the formation of silanol with ageing, for natural and accelerated samples. This formation is due to silica hydrolysis often described in literature [34] . Whereas the silica hydrolysis is a normally an equilibrated reaction [34] , [35] leading to silanol recombination, in this case no Si-O formation is observed. This could be explained by different factors, such as a high concentration of water in the rubber (more than 10mol/L) [36] , the pH of the sea water (8.2) [35] , but also the fact that silanol is more hydrophilic than silica [37] leading to a local increase in the water concentration and thus modify the equilibrium of the reaction. It also appears that the silanol concentration increases with ageing severity (higher water temperature and/or duration). The intensity of the silanol FTIR peak is therefore very likely to be useful as a local indicator of marine ageing for this silica filled polychloroprene. In order to assess this assumption, the profiles obtained from FTIR measurements and micro-hardness measurements are compared for accelerated ageing ( figure 15 ) and for natural ageing (figure 16). The conclusion is that there is a strong correlation between silanol concentration and micro hardness for both kinds of aged samples. It is therefore Other mechanisms may contribute to the material stiffening, such as a better filler distribution in the material or the formation of a silica network by silanol condensation. Nevertheless, those mechanisms would be unlikely to lead to such large effects. The degradation profile through the sample thickness after 172 days at 80
• C, shown on figure 15 is an indication of a diffusion/reaction phenomenon. This kind of behaviour is well known for elastomer oxidation [40] , [41] and can be explained by the competition between degradation and diffusion. For the ageing considered here, at low temperature water diffusion is faster than silica hydrolysis which leads to a homogeneous degradation in the sample thickness, as shown in figure 15 . At higher temperatures, the kinetics of silica hydrolysis are faster than the water diffusion, leading to the degradation profiles observed.
Comparison between natural and accelerated ageing
The comparison between the mechanical and chemical measurements (figure 16) clearly illustrates that the accelerated ageing is caused by the same ageing mechanisms as the natural ageing, i.e. silica hydrolysis, and leads to the same mechanical consequences, i.e. a stiffening of the material, from a local or global point of view, and a drop in the failure properties. The ageing protocol which consists of using hot, renewed natural, sea water to accelerated polymer degradation is therefore appropriate to study marine ageing in the case of this silica-filled polychloroprene. It is important to underline that, in a similar manner to the studies dealing with oxidation, the identification of the diffusion, consumption and degradation kinetics are crucial to perform the validation on aged structures, as the gradients observed are strongly dependent on the temperature and on the geometry. In fact, differences between modulus profiles observed after accelerated and natural ageing (figures 12 and 15) are mainly due to differences in sample thickness and boundary conditions. The mechanical loading of the flow line could change water diffusion in the polymer or kinetics of chemical reactions and thus lead to a modification of the modulus profile in the sample.
Conclusion
The ageing in seawater of a silica-filled polychloroprene rubber (CR) has been investigated. The CR degradation has been analysed in order to highlight the chemical mechanisms and the mechanical consequences for both accelerated and long term natural ageing. Whereas the silica hydrolysis has been published many times, the effect of this hydrolysis on chloroprene rubber properties has never been detailed. The mechanical consequences are similar for natural and accelerated ageing, i.e. a strong increase of the material stiffness (observed for tensile tests and micro-hardness measurements) and a large drop in failure properties. The combined results of FTIR and solid state NMR show that during marine ageing, the silica used as filler in the rubber undergoes hydrolysis, resulting in silanol formation. The amount of silanol seems to be a relevant chemical indicator of the ageing mechanisms and the comparison of the modulus and silanol profiles indicates a strong correlation, very likely explained by the creation of hydrogen bonds between hydroxyl and chlorine atoms. For severe ageing, strong gradients in mechanical and chemical properties are visible on the aged samples, which must be taken into account in a lifetime prediction. Two main perspectives will be investigated in forthcoming studies: full investigation of the kinetics of water diffusion and silica hydrolysis by using a mechanistic approach, in order to predict the ageing gradients; further measurements in order to understand the link between the silanol concentration and the changes in mechanical properties. These studies will clearly benefit from the validation of the use of hot natural renewed seawater to speed up the polymer degradation in a marine environment.
